We performed the first broad study aiming at the reconstruction of the evolutionary history of vibrios by means of multilocus sequence analysis of nine genes. Overall, 14 distinct clades were recognized using the SplitsTree decomposition method. Some of these clades may correspond to families, e.g., the clades Salinivibrio and Photobacteria, while other clades, e.g., Splendidus and Harveyi, correspond to genera. The common ancestor of all vibrios was estimated to have been present 600 million years ago. We can define species of vibrios as groups of strains that share >95% gene sequence similarity and >99.4% amino acid identity based on the eight protein-coding housekeeping genes. The gene sequence data were used to refine the standard online electronic taxonomic scheme for vibrios (http://www.taxvibrio.lncc.br).
Vibrios are widespread in the aquatic environment, occupying a variety of ecological niches, such as the human and animal gut, the surface of chitinous organisms, most notably copepods, and the coral mucus layer. A better understanding of the ecology and the patterns of distribution of vibrios relies on the online electronic taxonomy. Polyphasic taxonomic studies of vibrios performed in recent years have underpinned this new paradigm in studies of the biodiversity and systematics of this group (16, 17, 19) . Currently, we recognize 78 species of vibrios distributed into five phylogenetic robust clades corresponding to the genera Vibrio, Photobacterium, Salinivibrio, Enterovibrio, and Grimontia based on 16S rRNA gene sequences (16, 17, 19) . Both genome content and architecture indicate that these genera share a common ancestor (12) . In addition, the genera within vibrios are defined on the basis of their shared sequence similarities in different loci. Species within the genus Vibrio share at least 85% gene sequence similarity in recA, rpoA, and pyrH (18) .
Species of vibrios are defined as clusters of strains with high phenotypic and genotypic similarities. Clusters comprise strains with highly similar genomes as determined by multilocus sequence analysis (MLSA), amplified fragment length polymorphism analysis, and DNA-DNA hybridization (DDH) (16, 17, 19) . Formal delineation of bacterial species still relies on DDH, with a cutoff level of Ͼ70% DDH similarity, but this technique is time-consuming and can be performed in relatively few laboratories and, more importantly, the DDH data are not cumulative in online databases. Clearly, a reliable and straightforward alternative is the use of MLSA. The usefulness of MLSA in the taxonomy of vibrios was described in previous papers (e.g., references 15 and 18). Overall, species form discrete clusters on the basis of recA, rpoA, and pyrH, with a species cutoff level of Ͼ94% gene sequence similarity (18) . However, some groups of species, e.g., the Vibrio splendidus and Vibrio harveyi species groups, were somewhat fuzzy on the basis of recA, gyrB, and gapA (15, 18) . Thus, it is very important to evaluate additional genetic markers that can distinguish closely related species of vibrios.
DNA sequences may also be useful in unraveling the nature of the speciation processes in vibrios. Some studies suggest that recombination might have occurred between different sister species, such as between V. cholerae and V. mimicus and between V. harveyi and V. campbellii, but it is not clear how prevalent and widespread this process is when all vibrio species groups are analyzed simultaneously. The rationale of this study is that by analyzing partial sequences of nine genes (i.e., ftsZ, gapA, gyrB, mreB, pyrH, recA, rpoA, topA, and 16S rRNA), we will be able to establish a more robust inference of the evolutionary history of vibrios. Clearly, we will also enhance and refine the framework of the online electronic taxonomy (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) (15) (16) (17) (18) (19) . This framework will allow prompt identification and classification of vibrios through the Internet.
The GenBank accession numbers for the gapA, ftsZ, mreB, topA, and gyrB gene sequences are listed in Table S1 of the supplemental material (see also references 6 and 21).
The sequences of the ftsZ, gapA, gyrB, mreB, pyrH, recA, rpoA, topA, and 16S rRNA genes of 78 type strains were concatenated and analyzed by the ClustalX program, MEGA version 3.0, and split decomposition (1, 7, 11, 20) (Fig. 1) . Clearly, there were at least 14 monophyletic clades showing split signals with significant bootstrap support ( Fig. 1 ; see also Fig. S2 in the supplemental material [a bifurcating tree]). These clades were always retained in the analysis even when the number of genes was reduced to five loci, i.e., ftsZ, gapA, gyrB, mreB, and topA (see Fig. S3 and S4 in the supplemental material). The species within each clade shared Ͼ20% DDH, Ͻ5% GC variation (mol%), Ͼ85% MLSA sequence similarity, and Ͼ89% average amino acid identity (AAI) ( Table 1) . Radiation times were estimated for different sister species based on the rate of amino acid substitutions in the eight housekeeping protein genes. These rates were normalized with the known radiation time between Escherichia coli and Salmonella enterica (ca. 1 million years) (8, 13) . The lowest radiation time value was calculated for the pair V. splendidus and V. tasmaniensis (Table 1; see also Table S3 in the supplemental material). These species have highly related genomes, with 61% DDH similarity, and may occupy very similar niches (19) .
The time span of speciation in the well-known closely related species pairs (e.g., V. anguillarum and V. ordalii, V. cholerae and V. mimicus, V. halioticoli and V. neonatus, and V. harveyi and V. campbellii) was estimated as 23 to 56 million years. A common ancestor in some Vibrio clades might have occurred at 360 to 390 million years (e.g., V. anguillarum and V. aestuarianus, V. fischeri and V. logei, or V. halioticoli and V. gallicus) ( Table 1;  see also Table S3 in the supplemental material), corresponding the Devonian era of vigorous diversification of marine fish. The common ancestor of Salinivibrio, Enterovibrio, and Grimontia might have occurred 580 to 620 million years ago (see FIG. 1 . Concatenated split network tree based on nine gene loci. The ftsZ, gapA, gyrB, mreB, pyrH, recA, topA, and 16S rRNA gene sequences (6,050 bp) from 58 taxa were concatenated and reconstructed using the SplitsTree4 program. Vibrios defined as a vibrio core group (3, 9) are marked with a closed circle. Other clades, which were not included in the analysis, were determined based on five to six gene loci (see Fig. S3 The phi test was conducted for clades that included at least four species.
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The radiation time was calculated based on average amino acid substitution results (see also Overall, the species found in each clade have related genomes. The clades disclosed in this study are congruent with former polyphasic taxonomic work (Table 1) . For instance, the species in the Anguillarum clade have a GC content ranging between 43 and 46 mol%. V. anguillarum and V. ordalii have at least 58% mutual DDH similarity and around 30% DDH similarity with V. aestuarianus (5) . The Cholerae clade comprises six species which show a broad GC content range. Most of the species within this clade cause diarrhea, but only V. cholerae harbors epidemic and pandemic strains. High DDH values (Ͼ65%) between the pair V. cholerae and V. mimicus and between the pair V. fluvialis and V. furnisii were reported, suggesting that these species have closely related genomes. The Cholerae clade includes species with lower Na ϩ requirements. For instance, the Na ϩ requirements of V. cholerae, V. metchinikovii, and V. fluvialis range between 5 and 40 mM (2, 4, 5) . The so-called Vibrio core group (3, 9) forms the Harveyi clade. Distinguishing species and strains within this clade remains a hard task in taxonomy (20) . Recombination between closely related species may partially explain this fact.
Recombination was detected in the Cholerae, Fischeri, Halioticoli, Harveyi, Orientalis, and Splendidus clades ( Table 1) . The phi test implemented in SplitsTree4 pointed to recombination within the concatenated sequences of vibrios (P ϭ 5.0 ϫ 10 Ϫ5 ). Recombination was detected in gyrB (P ϭ 6.4 ϫ 10 Ϫ3 ), rrn (P ϭ 7.3 ϫ 10 Ϫ12 ), gapA (P ϭ 6.8 ϫ 10 Ϫ7 ), and topA (P ϭ 4.5 ϫ 10 Ϫ2 ), in agreement with the conflicting phylogenetic splits (parallelograms) observed on the basis of the SplitsTree program (Fig. 1) . Recombination was observed in the Cholerae, Fischeri, Halioticoli, Harveyi, Orientalis, and Splendidus clades, at least ( Table 1) . The recombination analysis suggests that genes responsible for different essential functions in the cell may be targets of recombination, but we cannot rule out the possibility that the recombination tests are providing false positive results. Detecting recombination is basically a statistical endeavor and ideally in vitro experimental work should be carried out in order to confirm the ability of vibrios to carry out recombination in the loci analyzed in this study.
We can define species of vibrios as groups of strains that share Ͼ95% gene sequence similarity and Ͼ99.4% AAI based on the eight protein-coding housekeeping genes. This definition is an alternative to the standard definition of Vibrio species based on DDH values. We used the gene sequences generated in this study to refine the current standard online electronic taxonomic scheme for vibrios (http://www.taxvibrio.lncc.br) (15) . This work will underpin further analyses of fresh isolates of vibrios. In one test case, we analyzed several presumptive V. harveyi strains isolated from diseased animals in Tasmania and found that, in fact, these strains formed a tight new cluster that represents a new species within the Harveyi clade (J. Carson et al., unpublished data).
